Aiming at the problem in obtaining the precise failure rates of components, this paper presents a new reliability evaluation method for complex systems using interval triangular fuzzy subset and evidence network (EN). Specifically, it develops the fault tree model based on failure mode and effects analysis (FMEA) and uses the interval-valued triangular fuzzy weighted mean to express the interval failure rates of components. Furthermore, fuzzy fault tree is mapped into an EN to calculate some reliability parameters. In addition, a possibility-based NSG ranking approach is adopted to rank components and get the critical component, which can be used to provide the basis for system optimization and maintenance decision-making. Finally, a numerical example is given to validate the availability and efficiency of the proposed method.
Introduction
Reliability is a key indicator of system performance, which describes the ability of a system to achieve the function under the prescribed condition. Reliability assessment is an important part of reliability engineering, which is the foundation of reliability analysis, reliability optimization and maintenance. At present, a variety of methods for reliability analysis have been developed, such as reliability block diagram (RBD) (Lisnianski, 2007) , binary decision diagram (BDD) (Shrestha and Xing, 2008) , fault tree analysis, (Mahmood, et al., 2013; Rahman, et al., 2013) and Bayesian networks (BN) (Cai, et al., 2012; Kabir, et al., 2014) and so on. In the above method, FTA and BN are most widely used in complex systems reliability analysis and fault diagnosis (Khakzad, et al., 2013; Rao, et al., 2009 ). In addition, modern systems have usually used some fault tolerant technologies to improve their performance. However, high reliability makes it difficult to obtain adequate fault data, which is impossible to express the failure rates of components using the exact value. As a result, the assumption that failure rates of components are expressed in accurate values may be unrealistic. In the case of a small amount of samples, traditional methods based on the probability theory are inappropriate for these systems. In view of the superiority of fuzzy theory in dealing with epistemic uncertainty, Chen et al. proposed a T-S fault tree analysis method based on T-S model, probability theory and fuzzy set (Chen, et al., 2013) . This approach can make up for the shortcomings of the traditional fault tree in analysis and modeling. However, it can perform only one-way reasoning and has the high computational complexity, which is difficult to be popularized in the engineering field. On the other hand, BN, developed by graph theory and probability theory, has obvious advantages in the event logical presentation and computational analysis. It also has a very large advantage in dealing with cognitive uncertainty (Langseth and Portinale, 2007; Yontay and Pan, 2016) and been widely used in reliability analysis and system fault diagnosis (Khakzad, 2015; Wu, et al., 2015) . So far, considerable literatures have grown up relating to fuzzy mathematics (Duan, et al., 2015; He, et al., 2017) . Fuzzy set theory is utilized to describe the failure rates of components, which avoids the problem that the analyst obtains the exact value of the event. In combination with fuzzy sets and BN, Chen presents a reliability analysis method based on Fuzzy BN (Chen, 2012) . Nevertheless, this method expresses the failure rates of the basic events using fuzzy numbers and it is an extremely difficult task to specify the appropriate membership functions of the fuzzy numbers in advance, which severely limits its application in the complex engineering system. A new reliability evaluation method is proposed to calculate reliability parameters using EN in (Laâmari, et al., 2012) . Based on this, Sallak et al. proposed a Dempster-Shafer (D-S) reliability analysis approach, which used D-S theory to extend component importance measures (Sallak, et al., 2013) . However, these approaches had not handled the problem that the basic event is represented by the interval triangular fuzzy number which is generally better to represent the failure rates of components and can avoid the subjectivity of domain experts.
To solve the problems above, this paper proposes a new reliability evaluation method for complex systems using interval triangular fuzzy subset and EN shown in Fig.1 . It constructs the fault tree model based on FMEA and uses the interval-valued triangular fuzzy weighted mean to express the interval failure rates of the basic events. Furthermore, fuzzy fault tree is mapped into an EN to calculate some reliability parameters. In addition, a possibility-based NSG ranking approach is adopted to rank components and get the critical component, which is used to provide the basis for system optimization and maintenance decision-making. Finally, a synchronous digital hierarchy (SDH) equipment system is given to illustrate the availability and efficiency of the proposed method.
The remainder of this article is organized as follows: In Section 2, a triangular fuzzy subset and an interval-valued triangular fuzzy subset are constructed to evaluate the failure rates of the basic events. Section 3 is the reliability analysis method based on the interval triangular fuzzy weighted mean and EN. An illustrative example is provided to demonstrate the proposed approach in Section 4. Finally, conclusions are made in Section 5. Fig.1 A new reliability evaluation method for complex systems using interval triangular fuzzy subset and EN
Construction of an interval-valued triangular fuzzy EN

EN
D-S evidence theory has a unique ability in the expression of epistemic uncertainties. The evidence theory can be well compatible with the theory of probability. EN (Helton, et al., 2006) consists of BN and D-S evidence theory (Jiang, et al., 2013) and includes both advantages. It is a popular analysis tool for representing and managing epistemic uncertainties. An EN is a directed acyclic graph (DAG) used to represent system's uncertain knowledge and system logic in artificial intelligence. An EN is defined as , 
Constructing a triangular fuzzy EN node
Traditional BN modeling needs the accurate description of the nodes. However, it is impossible to obtain the accurate failure rates of the basic events because of small samples and the expensive experimental costs in the practical engineering. Aiming at the problem in expressing the failure rate of a node with an exact value, a fuzzy subset is used to describe the failure rate of a node. Although there are many forms of membership functions of fuzzy subsets, the triangular membership function algebraic operation is simple and is often utilized to describe the failure rate under the (Carlsson and Fuller, 2001 ). This paper uses the triangular fuzzy subset and the intervalvalued triangular fuzzy subset to express the failure rates of nodes. The triangular fuzzy failure rate of node i x at fault state ( ) ( ( )) i i g x k is given as follows and it is shown in Fig.2 .    , the interval triangular fuzzy weighted mean can be computed as:
where ( ) g  and ( ) g  correspond to the upper and lower bounds of the interval-valued triangular fuzzy weighted mean respectively.
Constructing an interval-valued triangular fuzzy EN node
In actual engineering, it is usually very difficult to decide the upper and lower bounds of a triangular fuzzy subset, and therefore an interval-valued variable is introduced to determine the upper and lower bounds of a triangular fuzzy subset (Yao and Shen, 2015) . The interval-valued triangular fuzzy failure rate
x k is as follows: Fig.3 . Assume that the interval-valued triangular fuzzy failure rate of a root node is
, the interval-valued triangular fuzzy weighted mean can be computed as: 
System reliability model based on EN
In evidence theory, { , }
is the knowledge framework of the component i and the focal elements are as follows.
where
W F corresponds to the epistemic uncertainty. Belief measure (Bel) defines the lower bound of the probabilities that the focal element exists, and plausibility measure (Pl) defines the upper bound of the probabilities that the focal element exists. An epistemic uncertainty is expressed by the basic belief assignment on the system state, where Bel and Pl measures are not equal and bound the system reliability. Therefore, the basic probability assignment (BPA) of component i can be computed as:
Presumably, the upper and lower bounds of the component's failure probability is equivalent to the BPA in the EN:
Reliability Analysis method using interval triangular Fuzzy EN
Constructing the fault tree model
Fault tree analysis, widely used in reliability evaluation, is a deductive method to decide the potential causes that may cause the occurrence of a predefined undesired event, generally denoted as the top event. Fault tree includes several basic events, logic gates and other symbols. Dynamic fault tree extends a static fault tree to describe the dynamic failure behaviors such as priorities of failure events, spares, and sequence-dependent events. The model construction of the fault
Fault rate tree usually requires an in depth knowledge of the system and its components. It includes the construction of a network topology and the failure rates estimation of components. The former can resort to FMEA and the latter needs to obtain lots of fault data, which is almost impossible to estimate precisely the failure rates of the basic events in the practical engineering application. In this paper, the interval-valued triangular fuzzy subset is used to describe the failure rates of the basic events based on the expert elicitation and some datasheet at the design stage.
Mapping a fault tree into an EN
For lack of sufficient fault data, it is very difficult to estimate accurately the failure rates of the basic events. This epistemic uncertainty cannot be ignored and should be taken into account. EN can cope with epistemic uncertainty in risk assessment and reliability engineering. For a two-state system, the system state has only two cases, work or failure, so we can use the binary logic (number 0 and 1) to describe the status of components and system. The component can be in the state{ } W F . Fig.4 and Fig.5 show an AND and OR gate and their equivalent EN respectively. Equations 10 and 11 respectively give the conditional probabilities of AND and OR node E. 
System reliability analysis
When there is cognitive uncertainty in the event, the uncertainty will be passed from the basic event to the intermediate event and the top event through the network. So, the probability of the intermediate event or the top event is not an exact value but an interval number. The upper and lower bounds should be determined by the plausibility function Pl(S=0) and the belief function Bel(S=0) in the evidence theory. The relationship of the belief function Bel(S=0), Plausibility function Pl(S=0) and probability of hypothesis can be expressed:
where ( ) P S is the probability of the hypothesis S. The system reliability can be calculated using the following equation.
Posterior probability of the root node
The posterior probability of the root node reflects the fault probability of the root node after the failure of the leaf node, and the posterior probability is an important parameter in the reliability analysis. Based on EN reverse reasoning ability, the posterior probability of root node i can be obtained. It is given by:
where i is a component; S represents a system; ( | ) P i S is the fault probability that the event i X has occurred when the top event has occurred.
Importance measures analysis
Importance measures refer to the degree to which system performance is affected when a single or multiple components fail. It is a function of component reliability parameters and system architecture that is used to obtain the weak links within the system in order to improve the overall system reliability. In many papers, uncertainty importance measures, discussed in reliability analysis (Andrews and Beeson, 2003; Aven and Nøkland, 2010; Vasseur and Llory, 1999) are used to rank the importance of components in complex systems. Such measures report to what degree the uncertainties on component level affect the uncertainties on system level. In this paper, we introduce how to compose some importance measures considering epistemic uncertainties.
Fussell-Vesley importance (F-V importance)
The F-V importance is a measure of the fractional contribution of the basic event to the overall model risk when the probability of basic event is changed from 1 to zero. It reflects the direct effect of component's unavailability on the unwanted event. F-V importance measure is considered for measuring risk contribution of different equipment (Gandini, 1990) . F-V importance measure can be extended under uncertainties and the interval F-V importance measure of a component i can be defined as follows. Pl F   respectively represent the belief, and plausibility measures that the system is in a failed state when it is known that component is in a work state.
Birnbaum importance measure (BIM)
BIM, introduced by Birnbaum in 1969, is used to evaluate the contributions to the system failure due to some components failure. It can allow us to rank the components with respect to the influence that their failures have on the performance of system. Similarly, the interval F-V importance measure of a component i can be defined as follows under uncertainties (Sallak, et al., 2013) . Pl W F denote respectively the belief and plausibility measures that the system is functioning given that component i is in a failed state.
Risk achievement worth (RAW) and risk reduction worth (RRW)
RAW, one of the most widely used importance measures, is defined as the ratio of the system unreliability if a component has failed over the system unreliability. Traditionally, the definition of RAW does not take the uncertainties into account. An extension of RAW is introduced which allows us to deal with epistemic uncertainty. The interval RAW of a component i can be defined as follows under uncertainties.
I is the risk achievement worth for the event i X ,
Pl F   respectively denote the belief and plausibility measures that the system is in a failed state given that the component i has failed.
Similarly, interval risk reduction worth (RRW) of a component i can be defined as follows under uncertainties.
where RRW X i I is the risk reduction worth for the event i X .
Importance sorting using possibility-based NSG ranking approach
The fault tree describes the logical relationship between the system failures, and the EN describes the logical relationship between the nodes using a directed non-cyclic graph. In the system reliability and risk assessment, the importance measure sorting of components is particularly important. It can offer decision making support to improve the system design and determine the sensors placement locations. It also can provide the guidance for system diagnosis when it is failed. Based on the proposed approach mentioned above, we can get some interval importance measures of components. Nevertheless, these interval values are not sufficient to sort components and should be converted to a probability measure. In this paper, a possibility-based NSG ranking method, developed by Nakahara et al. is used to rank components (Mi, et al., 2016; Sun and Yao, 2010) .
For interval numbers 
A possibility-based NSG ranking method includes the following steps.
Step 1: For a set of interval numbers (14), the posterior probability of root nodes can be calculated and are shown in Table 2 . Table 2 The posterior probability of root nodes [0.6041, 0.6358] A possibility-based NSG ranking method is used to rank the posterior probability of root nodes in Table 2 . According to the ranking method, the possibility matrix P for root nodes can be calculated by Eqs. (19) - (21) 
Then the ranking vectors ω of the possibility matrix P can be computed as 
According to the matrices P and ranking vectors ω, the posterior probability sorting result of root nodes is X9>X3> X8>X4> X1>X7> X6>X2> X5. This result is the same as the result in reference (Zhang, et al., 2016) , which verifies the feasibility of this method. This method has a clear structure and simple calculation, and presents a new method for system reliability analysis and fault diagnosis with interval triangular fuzzy number characteristics.
Illustrative example
The power communication network is a communication network which serves the power system and it is an important infrastructure of the power system. The power communication network is a complicated network system which integrates various business subnets. The realization of various services depends on different business subnets. The various subnets of the power communication network depend on the power communication transmission network. The SDH optical transmission network is composed of SDH network elements, and SDH equipment is the physical entity of SDH network element. It is the key equipment of the power transmission system and the foundation of the power system communication operation. Due to the rapid development of SDH technology and the rapid expansion of communication network, the types of SDH equipment have been improving endlessly in the past two decades, which makes the system more and more complicated. However, the reliability design and test time are shortened, so the reliability of SDH equipment has been widely concerned and improved. Since the large-scale integrated circuits are used, a high coupling exists in the equipment. So SDH equipment system performance indicators and various types of data are not perfect. Due to various reasons, the exact failure rate is very difficult to obtain. We use the interval-valued triangular fuzzy failure rate instead of the exact failure rate. The structure of SDH equipment system is shown in Fig. 7 . Fig. 7 . The structure of SDH equipment system The equipment is composed of a light interface board, two electrical interface board, a main control board and a cross board. As long as one piece of the optical interface board and the electrical interface board can work, the equipment can continue to work. The fault tree model is shown in Fig.8 . X1, X2, X3, X4 and X5 are branch board 1, branch board 2, circuit board, main control board and cross board respectively. G1 is the branch board failure, and G2 is a failure of both the branch board and the circuit board. T is the SDH equipment system failure. The interval-valued fuzzy subset failure rate of the root node i X at state 1 is shown as Fig. 9 shows the evidence network of the SDH equipment system. Assuming that the mission time T is 5000 hours, we can calculate the system reliability using Eq. (13). The reliability of the SDH equipment system is [0.9207, 0.9290] . Solving the EN using the inference algorithm gives the system importance measure of components for the SDH equipment system. The system interval importance measure table for the SDH equipment system is shown in Table 5 . 
I
In this paper, we have discussed the use of fault tree model, interval triangular fuzzy subset and evidence network to evaluate complex systems reliability. Specifically, it develops the fault tree model based on FMEA and uses the interval-valued triangular fuzzy weighted mean to express the interval failure rates of components in order to deal with epistemic uncertainty. Furthermore, we calculate some reliability results by mapping a fuzzy fault tree into an equivalent EN in order to avoid some disadvantages when the uncertainty information exists. In addition, a possibility-based NSG ranking approach is used to rank components and find out the weak points of the entire system, which can be used to provide guidance for system optimization and maintenance decision-making. Finally, a real SDH equipment system is given to illustrate the availability and efficiency of the proposed method.
In the future work, we will focus on the reliability analysis method based on interval-valued triangular fuzzy subset and dynamic EN which can model the dynamic fault behaviors.
